ABSTRACT Efficient and reliable vehicle-to-X (V2X) wireless communication requires a deep understanding of the associated propagation channels. However, V2X channels are complicated due to the complex traffic phenomena, and thus extensive propagation studies are required to characterize these channels. This paper considers the effects of vehicle scattering on V2X channels. Most existing techniques that address vehicle scattering are imperfect, due to deficiencies in their computational accuracy and efficiency. In this paper, the tradeoff between computational accuracy and efficiency is addressed by proposing an analytical model based on the concept of scattering centers (SCs). The model can efficiently predict near-field bi-static scattering of vehicles with good accuracy. Also, to make the model widely acceptable, a general methodology of extracting SCs is carefully derived. Then, three standard vehicles (car, van, and truck) are employed for evaluating the performance of the model. The results indicate that the model is useful for reconstructing vehicle scattering in V2X channels.
I. INTRODUCTION
Vehicle-to-X (V2X) wireless communication has received much attention in recent years due to its potential of providing road safety (e.g., collision detection), green transportation (e.g., driver assistance, fleet management to reduce traffic congestion) and in-vehicle entertainment [1] , [2] . V2X wireless communications, including the technologies of Vehicular Ad Hoc Networks (VANETs) [1] and Cooperative Vehicular Systems (CVSs) [3] , are the promising approach of the emergence of Intelligent Transportation Systems (ITSs) [4] . Furthermore, to advance V2X technologies, V2X has recently been combined with some potential fifth-generation (5G) technologies, e.g., the massive multi-input multi-output (MIMO) system which involves hundreds of antennas [5] .
It is generally accepted that a deep understanding of the relevant propagation channels is necessary for the effective design/optimization of wireless communication systems [6] . However, comparing some traditional communication channels (e.g., macro-/micro-cell communications channels [7] , [8] and railway communications channels [9] , [10] ), V2X channels are more complicated due to the uncertainty/high-mobility of moving vehicles as well as the low antenna heights [11] . Therefore, although numerous investigations regarding V2X channels have been conducted [12] , [13] , some significant characteristics of V2X channels are still unstudied or understudied.
One of the most challenging topics is the modeling of vehicle scattering in V2X channels, in which the vehicles are either surrounding or are in between the transmitter (TX) and receiver (RX) [14] , [15] . As illustrated by Fig. 1 , the vehicles have the function of either blocking or relaying the transmitted signal. Both phenomena are impacted by vehicle scattering. For example, the channel measurement in [16] shows a blocking loss of over 20 dB by trucks. Moreover, Abbas et al. [17] and Meireles et al. [18] have analyzed and highlighted the importance of vehicles on V2X channels, and Matolak [11] has also stated that the effects of vehicles on V2X channels should be quantified.
The existing techniques for the inclusion of vehicle scattering in V2X channels can be classified as either stochastic models or deterministic models [15] . The former is based on the processing of measured channel data obtained from wellselected scenarios. The final outputs of the stochastic models are the statistics of some important V2X channel parameters (see [15] , [19] - [23] ). Although the stochastic models are widely accepted as reproducing V2X channels in a highly efficient way, the model itself is of limited functionality and unable to specifically quantify the effect of a given vehicle. The reason is the inherent deficiency of the stochastic model that requires enough channel samples to be lumped together in order to extract statistics. The analysis will be inevitably limited by the realistic channel conditions. For example, the measured channel data of [17] and [24] includes the scattering effects of cars, vans, and trucks. Thus, it will be impossible to single out a truck effect [15] . Moreover, Wang et al. [16] studied the blocking loss caused by a truck/van in a stochastic way, but the measurement scenario was quite simple in that the TX, truck/van, and RX were all in a line. Therefore, if the relative position of truck/van is different from the measurement scenario, the extracted stochastic model of [16] could not be expected to reproduce the required losses. The deterministic models use numerical techniques for solving Maxwell's equations by taking into account the geometry of the environment. A higher precision of the geometry will undoubtedly increase the accuracy of the models, but it will also significantly increase computational complexity. In V2X channels, the common approaches of investigating vehicle scattering are based on an oversimplified geometry or rough solutions, which inevitably causes inaccuracy of the results [15] . For example, Rodriguez et al. [25] studied truck shadowing in V2X by using a ray-tracing (RT) technique [26] where the geometry of the truck was composed of only a few panels; Boban et al. [27] modeled the vehicle shadowing by using a simple knife-edge diffraction model; Vlastaras et al. [28] theoretically proposed a six-path model as a closed-form solution for a truck shadowing. Therefore, it is evident that there is an urgent need for modeling vehicle specific scattering effects on V2X channels, where the model has been given a balance between accuracy and computation time. It should noted that Buddendick and Eibert [29] have made great attempts to use the scattering centers (SCs) concept for solving this problem. The SCs concept is useful as it could model the complex vehicle scattering through a simple and sparse representation. However, the SCs studied in [29] were only learned from the Shooting and Bouncing Ray (SBR) technique which makes the model inflexible [30] .
This paper derives an analytical model for directly predicting bi-static near-field scattering of vehicles in V2X channels, through an innovative extension of [30] . Since the proposed model is based on the well-known SCs concept, the efficiency and accuracy of the proposed model maintains good balance. Moreover, a general methodology of SCs extraction from the bi-static scattering field is also derived. Most notably, this is the first study to our knowledge to provide a general and complete solution for modeling vehicle scattering in V2X channels. Although the accuracy of the model varies slightly with different vehicles, the model is still a valuable technique. The main contribution of the paper can be considered as a two-step procedure. As detailed in Section III, in the first step, the complete far-field scattered field of vehicles is obtained by a full-wave analysis method (Physical Optics (PO) in this study), then, the SCs are extracted from the scattered field. The second step, as described in Section II, uses the extracted SCs to predict the near-field scattering of vehicles. Other than Sections II and III, the remainder of this paper is organized as follows. In Section IV, the accuracy of the models described in Sections II and III are validated, respectively, considering a car, a van, and a truck. Section V concludes the paper.
II. ANALYTICAL MODELING FOR BI-STATIC VEHICLE SCATTERING IN NEAR-FIELD
Scattering occurs when an electromagnetic (EM) wave hits an object (or scatterer) [31] . It is a common physical interaction that causes deviation of the wave propagation trajectory. Vehicles are considered as scatterers. According to different structures on the vehicle surface, the scattering can be classified into different scattering mechanisms. As can be seen in Fig. 2 , the scattering mechanisms include specular reflection from planar surface (a), multiple scattering from a dihedral or trihedral corner (b), surface scattering from a curved surface (c) and edge/tip diffraction (d). Knowledge of the scattering mechanisms is the principal inspiration for some EM analysis solvers (e.g., Geometrical Optics (GO) and VOLUME 7, 2019 FIGURE 2. Different scattering mechanisms happening on a vehicle surface.
PO methods [32] ). However, in V2X channel simulations, modeling the vehicle scattering directly by using the above scattering mechanisms would be highly inefficient [29] .
In this study, the scattered power from vehicles is analytically modeled by radar methods, where the most important coefficient (known as the bi-static radar cross section (biRCS)) is calculated using SCs. The SCs can be considered as pre-abstracting/processing the above scattering mechanisms with virtual points. Furthermore, in V2X communication systems, the angle subtended between the TX, a vehicle and the RX is hardly equal to zero. Therefore, it is worth mentioning that all concepts discussed/adopted in this work are specifically corresponding to their bi-static cases, e.g., bi-static radar equation, biRCS, etc.
A. BI-STATIC RADAR EQUATION
In V2X channel simulations, the received scattered power from vehicles can be calculated by adopting the well-known radar equation [33] :
where P t/r = transmitted/received-signal power (at antenna terminals), G t/r = TX/RX antenna gain, R t/r = distance between TX/RX and the centroid of the scatterer,
is effective aperture area of an isotropic antenna.
In Eq. (1), there are three factors on the right side. The first factor is the power density impinging on the scatterer. The second factor is regarded as the scattering process, during which the incident power is partially intercepted and reradiated by the scatterer. Then, the scattered signal propagates toward the RX with an attenuation computed by R r . The third factor is related to the receiving capability of the RX. Eq. (1) has the advantage of abstracting the complex scattering mechanism by using a single coefficient, biRCS, and it can be easily implemented with channel simulators [34] .
In Eq. (1), the biRCS is the most important coefficient as it fully determines the feature of vehicle scattering. By using biRCS, the scatterer's capability of EM wave interception and reradiation can be quantified [33] . However, the biRCS in this study is not as simple as its original definition in farfield condition. According to far-/near-field conditions [35] , the biRCS should be classified as far-field biRCS (FF-biRCS) and near-field biRCS (NF-biRCS). The former is simple, being just a function of the incident/scattered wave directions and frequency (f ). The latter is more complicated as it varies with the distances (R t/r ).
The computation of vehicle scattering in channels is much easier in the far-field, since the FF-biRCS can even be obtained by a look-up table. However, FF-biRCS is inapplicable in most cases as the far-field condition is hardly satisfied. The widely accepted criterion that approximately classifies the field as being either far or near is [35] :
where D max is the maximum dimension of the scatterer and λ is wavelength. According to Eq. (2), the FF-biRCS of a car is useful for Eq. (1) only when R t/r is no less than 983 m at 5.9 GHz (D max = 5 m); and 8850 m for a truck in the same condition (D max = 15 m). This far-field boundary is much further than any practical situation that has important vehicle scattering in a few dozen meters. Therefore, the modeling of vehicle scattering in V2X channels requires the modeling of its NF-biRCS.
B. NF-BIRCS CALCULATION BY USING SCs
It is known that the SCs can precisely reconstruct the nearfield mono-static RCS (NF-monoRCS) [30] . In this paper, the NF-monoRCS reconstruction model in [30] is carefully extended to efficiently model NF-biRCS. Furthermore, the SCs are extracted from the far-field scattered field (E s F ) obtained from general techniques (e.g., measurement, GO, PO), which will be explained in the next section.
To begin, the symbol E s is used to represent the phrase ''scattered field'', thus E s F/N indicates the E s in specific ''far-/near-field'' conditions. In SCs modeling, each point is assigned with an independent strength and position {A, r} as representing a wave interaction at a local portion of the target. Based on the SCs, the bi-static E s N is calculated by vectorially summing the contributions from all valid SCs (see Fig. 3 ):
where c is the speed of light, and R t/r is distance vector from the centroid of the scatterer to the TX/RX. It should be clarified that, since an SC is extracted from a certain frequency and aspects window (see Section III), the SC is valid for Eq. (3) only if the calculating frequency and aspects are within its extracting window. Eq. (3) indicates that the different phase terms associated with the SCs cause the variability of E s N . The normalization of E s N and the range correction used in [30] are adopted in Eq. (3). E s N will be evolved into E s F when R t/r approaches the far-field boundary, thus all SCs are approximately in phase [36] . Additionally, if the TX and RX are equipped with non-isotropic antennas, the G t/r in Eq. (1) should be accounted for earlier in Eq. (3). It is worth mentioning that Eq. (3) is derived based on the SCs obtained from singlebounce scattering mechanisms. However, the SCs obtained from multi-bounce scattering mechanisms will cause inaccuracy of this model (refer to [30] ).
Next, since E s N has been normalized, the NF-biRCS can be directly obtained by a simple relation of [31] :
where E s N 2 is equal to the ratio of scattered power per unit solid angle (steradian) along the vector R r to the power density intercepted by the scatterer.
III. EXTRACTING SCs FROM E s F
As discussed above, the SCs are useful to model both E s N and E s F of an electrically large scatterer. The SCs, in turn, can be obtained by processing E s F through inverse synthetic aperture radar (ISAR) imaging [37] , a powerful signal processing technique that can display the dominant SCs on an image. In the same system configuration, the ISAR image, E s F and SCs are equivalent as they can be converted between each other. For brevity, the details of SCs, E s F and ISAR can be found in [31] and [37] - [39] .
Let us explain how SCs are obtained from the initial measured/simulated E s F by an example. Fig. 4 provides the example of collecting the initial E s F , where the TX and RX are both in the far-field of the car. The angles ϕ and θ describe the azimuth angle and elevation angle of the incident/scattered wave (defined as ϕ in/s and θ in/s ). In the example, the centroid of the car is set to be the origin of the coordinate system. The TX is fixed and always points at the origin along the direction of the negative x axis. Thus the emitted EM wave can be expressed by wave number vector k in = k ·k in where k = 2π f /c andk in is incident unit vector defined by ϕ in = π and θ in = π/2. The window 1 illustrated in Fig. 4 exemplifies a collecting window of E s F , where the RX collects initial E s F at evenly spaced aspects (see the intersections) and at discrete frequencies (or k). The manner of collecting E s F is similar to the manner of an over-the-air (OTA) test in an anechoic chamber [40] - [42] . Correspondingly, k s = k ·k s is defined for the scattered EM wave.
Still referring to Fig. 4 , now assuming there are total N SCs overlaid on the car, and these SCs were obtained by processing the initial E s F k, ϕ in/s , θ in/s which was collected in window 1 and at a set of discrete frequencies (or k). Then, the E s F k, ϕ in/s , θ in/s can be approximatively reconstructed by (extended from [31] ):
where r i is depicted by the position (x i , y i , z i ) of the i-th SC, and k in and k s are calculated, respectively, as follows:
wherex,ŷ,ẑ are unit vectors describing x, y, z axes, and
Therefore, the phase term of k s − k in · r i is rewritten as:
It is further assumed that the frequency bandwidth B (or wave number bandwidth B k ) of the collection is small VOLUME 7, 2019 compared to the center frequency f c (or center wave number k c ). The angular bandwidths and of window 1 illustrated in Fig. 4 are also assumed to be small. Thus, in this example, the following assumptions can be further obtained:
By using Eq. (8) and Eq. (9), it follows that Eq. (5) can be reorganized as:
Next, the three-dimensional (3D) ISAR image for the example is obtained by taking 3D inverse Fourier transform (IFT) for E s F (k, ϕ, θ ) with respect to k, φ and θ, respectively. The detailed transformation processes are derived in Eq. (11), as shown at the bottom of the next page, where PSF (x, y, z) is called the point spread function (PSF) [31] . As can be seen in Eq. (11), the PSF is a function of B k , and , thus, it is entirely determined by the E s F collecting window. Therefore, it can be concluded that the ISAR image is exactly the image which displays a set of PSF-defocused SCs.
After SCs have been successfully displayed in the ISAR image, the well-known CLEAN algorithm was selected for extracting the SCs from the image [37] , [39] . The CLEAN algorithm has been widely verified as being able to extract important SCs from an ISAR image by a simple but robust iterative procedure. In the CLEAN algorithm, for each iteration, the highest SC in the image will be extracted and saved with its strength and location ({A, r}), the relevant PSF around the SC is removed from the image and, afterward, the residual image is ready for next iteration. It is worth emphasizing that the SCs extracted from a E s F collecting window and within a frequency range are only able to reconstruct the E s F in the same angular and frequency ranges. Notice that, although all derivations in this section are based on a specific example of collecting E s F as illustrated in Fig. 4 , the methodology is extendible to more general situations. For example, if E s F is collected in window m (see Fig. 4 ), the relative SCs can be directly obtained when treating the E s F as being collected in window 1 . Then, these relative SCs will be rotated back to their correct positions according to angular difference between window m and window 1 . Furthermore, as shown in Fig. 4 , for the purpose of being able to reconstruct car scattering of any potential direction around horizontal plane, the E s F from a total of M continuous windows are collected and all SCs are extracted. In next section, the accuracy of proposed methodology of extracting SCs will be validated. 
IV. PERFORMANCE EVALUATION OF THE PROPOSED MODEL
As mentioned previously, this paper seeks to establish a technically sound methodology for calculating the scattered power of vehicles with good accuracy and low computation time. The SCs extracted from well-collected E s F can analytically reconstruct E s N and NF-biRCS. In this section, the accuracy of SCs extraction procedure is first validated on three standard vehicles (see Fig. 5 ). Then, based on these SCs, the near-field scattering power of vehicles is reconstructed and compared to the results from PO. Although, it will be demonstrated that the proposed model is fairly accurate and very efficient, the accuracy of the model decreases obviously at very close-in ranges.
The digital geometries of three investigated vehicles are shown in Fig. 5 . The advantage of adopting such vehicles is that the significant geometric differences allow the validation to be more comprehensive. Furthermore, the geometries are actually quite simple in this study as some vehicle structural details like side mirrors, handlebars, windshield wipers, wheels, etc. were omitted or simplified, and all geometries were assumed to be made of a perfect conductor. The main reason is that in the stage of massively PO simulation, too many details will significantly increase the overall computational time, but the improvement from considering such details is quite small in the validation of the proposed model. Fig. 6 illustrates a configuration for directly collecting E s F data after embedding the digital geometry into fullwave analysis software which, in this study, is commercial FEKO 7.0 [43] . The FEKO has been verified as being qualified for calculating the E s F of electrically large structures in many publications [44] , [45] . The configuration includes the frequency range, angular window/interval and full-wave method (PO) selected for the E s F collection. Similar to Fig. 4 , the collecting configuration displayed in the Fig. 6 exemplifies the overall requested data grid of E s F around the horizontal plane (when the incident wave arrives with ϕ in = π and θ in = π/2). Due to the symmetry of the car, in this example, 3268 VOLUME 7, 2019 the E s F data in the first two quadrants is only requested. Then, the collected E s F data is partitioned into continuous windows for ISAR imaging and SCs extraction as described in section III. In the study, although 100 SCs were extracted from each window, only a few SCs (called dominant SCs) have a strong amplitude that is significantly higher than the others. The dominant SCs are located on/around the vehicle and they are representative of the scattering mechanisms on vehicle surface (see Fig. 2 ). In addition, a number of SCs that have tiny amplitudes are located beyond the vehicle's outline, these SCs are the noise in the residual ISAR image [31] . Fig. 7 plots the geometry of the car and the extracted SCs from window 1 . In this example, since the car head is the main contributor as causing the E s F of window 1 , it is evident that the dominant SCs are located at the car head.
A. THE 3D SCS EXTRACTED FROM E s F
After SCs of each window are extracted, the accuracy of all SCs should be verified. Here, as mentioned earlier, the E s F , ISAR, and SCs are equivalent as they can be converted between each other. Moreover, the E s F can be directly converted into FF-biRCS which is more straightforward (see Eq. (4)). Therefore, in this study, the SCs-reconstructed FF-biRCSs of three vehicles are compared to the PO-simulated results as a function of ϕ s . Fig. 8 are listed in Table 1 according to mean error (ME), standard deviation (Std), and root mean square error (RMSE). Observe that, for any vehicle, the ME is only 0.01 dB and also the Std/RMSE is no greater than 2.43 dB, which indicates that the technique of SCs extraction is fairly robust. However, when the vehicle becomes bigger (from car to truck), some minor imperfections are observed as Std/RMSE increases by around 2 dB. The main reason is that, according to Eq. (5), the reconstructed E s F is obtained by vertically summing up contributions of all available SCs. This summation causes spatial fluctuation of E s F due to constructive/destructive interference. Once vehicles become bigger, the number of dominant SCs increases accordingly, thus making the spatial fluctuations more severe. So, the lines of the truck in Fig. 8 are much rougher. More important, since the vehicle becomes bigger, any slight displacement of SCs will cause a larger imperfection of reconstruction results as shown in Table 1 . This phenomenon will be significant in predicting near-field scattering, which will be detailed later. 
B. PERFORMANCE OF RECONSTRUCTING NEAR-FIELD SCATTERING
Based on the verified SCs, the performance of proposed model described in Section II is now demonstrated. In the near-field, for any vehicle, the SCs-reconstructed scattering power is compared to the PO simulated result as a function of the TX/RX range. The TX was set as a vertically polarized electric current dipole (formed by two conductors with a total length dl), the magnitude of the dipole was set as Idl = 1 A·m where I is the current over the dipole; the RX was assumed to be an isotropic and vertically polarized antenna with 0 dBi antenna gain. Since the SCs were extracted at scattered directions around the horizontal plane, the scattering power is only computed in the horizontal plane (refer to section IV-A).
In the evaluation, the centroid of the vehicle is set at the origin of the coordinate axis. Once the TX is fixed with a distance of R t to the origin, the scattering power of the vehicle will be computed in a horizontal annulus centered at the origin (i.e., computation is in the range of R t ≤ R r ≤ R t + R D , 0 ≤ ϕ s ≤ 2π and θ s = π/2, where R D is defined as the annular width). For example, Fig. 9 gives results computed by PO and SCs at 5.9 GHz when the TX is fixed in front of the car, where R t = 20 m and R D = 30 m. On the whole, the agreement between the two results is very good. Although the SCs model underestimates the scattered power at some RX positions, the SCs-reconstructed scattered power still follows a similar scattered power pattern as computed by PO. For the numerical difference between Fig. 9(a) and Fig. 9(b) , the ME is as low as −0.91 dB and Std/RMSE are both around 1.80 dB. Additionally, the computation time of SCs and PO in Fig. 9 is important. Since the same laptop was used (12 GB RAM and total 8 CPUs each with 2.7 GHz frequency), the time for PO is 108 s while it is only 6 s for SCs, which indicates the proposed model is more useful for extensive simulations.
In this study, the performance of the proposed model is evaluated in a reasonable range of TX. More specifically, the statistical values of the numerical difference shown in Fig. 9 are repeatedly computed at different R t while R D = 20 m. According to the dimensions of three vehicles, the ranges of R t for the car, the van, and the truck are 5 ∼ 100 m, 10 ∼ 100 m and 10 ∼ 100 m, respectively. The maximum range was selected from an assumption that the application scenarios of the proposed model are mostly less than 100 m. Furthermore, some publications (e.g. [46] , [47] ) directly use FF-biRCS for near-field calculation. To benchmark the improvement of the proposed model, the scattering power as calculated by FF-biRCS is used as a reference. Fig. 10 shows the statistical values of differences as the function of R t . It is apparent that all values decrease significantly as the lines converge rapidly before R t < 50 m. Most important, the performance of proposed models is undoubtedly better than directly using FF-biRCS. However, for R t in the range 50 ∼ 100 m, using FF-biRCS directly is quite profitable for the car(van) case, which indicates that the farfield criterion of Eq. (2) is moderate, since the theoretical value for directly using FF-biRCS of car(van) should be 983 m(2273 m). Since the truck is much bigger, an acceptable result of directly using FF-biRCS is only obtained after 100 m. Furthermore, comparing the results among three Fig. 10.   FIGURE 10 . Statistical values of differences as a function of R t , where the red lines indicate the difference between SCs-reconstructed results and PO-simulated results; the black dotted lines indicate the difference between results calculated directly from FF-biRCS and PO-simulated results. (a), (b) and (c) are the ME, Std, RMSE in the car case; (d), (e) and (f) are the ME, Std, RMSE in the van case; (g), (h) and (i) are the ME, Std, RMSE in the truck case.
vehicles, the gap between the red and black dotted lines increases according to the increasing size of vehicles. This phenomenon indicates the consistency of proposed model is better than that of directly using FF-biRCS, since the former is less sensitive to the size of vehicles.
To further elaborate on the statistics shown in Fig. 10 , the values of R t captured at some key thresholds of the statistics are listed in Table 2 . To be more concise, the phrase ''red lines''/''black dotted lines'' is directly used to represent the more rigorous description of ''statistical values of the difference between SCs-reconstructed results and PO-simulated results''/''statistical values of the difference between FF-biRCS-computed results and PO-simulated results''. From Table 2 , notice that, for the car, all three statistics of red lines will be lower than 1 dB as long as the R t is larger than 50.2 m. However, still, for the car, the R t for black dotted lines should be larger than 83.7 m to meet the same performance. The van/truck shows worse performance since almost all statistics are larger than 1 dB in the first 100 m. The maximum numerical gap between red and black dotted lines can be observed for case of the truck, i.e., taking 5 dB as a threshold, all R t of black dotted lines are approximately triple that of red lines. Moreover, in Table 2 , the minimum numerical gap among vehicles can be found in red lines between van and truck, e.g., the R t regarding Std=5 dB increases from 13.3 m to 16.3 m, and R t regarding RMSE=3 dB increases by only 1.8 m. However, for black dotted lines, by contrast, the gaps between van and truck are strikingly large in the same situation.
In conclusion, the performance of the proposed model is always better than that of directly using FF-biRCS; especially for car scattering, the model gives an excellent performance for R t in the range of a few dozen meters. Nevertheless, the model is not always reliable in the very close-in range, because, according to the explanation discussed in [30] , the SCs themselves will be defocused in the very close-in range, which may make the SCs assumption no longer valid. Besides, as expected, the proposed model is still less than ideal for larger vehicles, which could be attributed to the reason discussed in Section IV-A that larger vehicles increase the number of dominant SCs and unavoidably increase the spatial fluctuation of predicted scattering. Despite these imperfections, after considering the efficiency of the proposed model in providing a good accuracy in a very short period, the model is practically useful for predicting vehicle scattering in V2X channel simulations.
V. CONCLUSION
This paper presented an analytical model to predict the nearfield bi-static scattering of vehicles by taking advantage of the SCs of vehicles. As the accuracy of extracted SCs is directly related to the proposed model, a general methodology was subsequently derived for properly extracting SCs from E s F . In the methodology, there is no limit to the means of generating E s F . Also, the derivation of the methodology may lead to an understanding of the cause-and-effect relationship of the scattering phenomena from vehicles. In our performance evaluations, three standard vehicles (car, van, and truck) were employed and studied at the center frequency of 5.9 GHz. Since the scattering of vehicles in V2X commonly takes place around the horizontal plane, the final validations of the proposed model were conducted in the horizontal plane.
The results validate that the SCs can be extracted with high accuracy. Most important, based on these SCs, the proposed model can predict near-field bi-static scattering of vehicles with good accuracy and computational efficiency, however, its accuracy mildly degrades with the increasing size of vehicles.
To the knowledge of the authors, as being the critical improvement of [29] and [30] , this study is significantly different from traditional deterministic/stochastic models because it successfully considers the balance between computational efficiency and accuracy. Additionally, it is worth mentioning that our SCs-based model has great flexibility. Once the SCs of a certain vehicle are obtained, these SCs and the vehicle can be infinitely adopted in different V2X scenarios and antenna configurations. Future work may combine this model with a traffic mobility model to obtain more complex but realistic V2X channel models. Finally, our model could be applied to a wide range of V2X channel simulations and may become an important driving force for the development of V2X applications. 
